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Supplementary Figure 1 | Schematics illustrating configurations of ZnO rod arrays.
Configurations and parameters of circular hole arrays in PMMA growth masks used for Fig. 1a-c

(type 1), Fig. 2a and 2b (type II), and Fig. 3¢ and 3d (type III).
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Supplementary Figure 2 | Analysis of Hzno as a function of L... (2) SEM images (70° tilt
view) of ZnO h-rod arrays (10x10) with a constant Dz,0 of 160 nm and increasing L. from 300
to 900 nm, grown at a Cy of 2.5 mM. Scale bars are 2 um. (b) By increasing L., the Hzn,o
decreased (at Cy, of 2.5 mM, red squares) or increased (at Cy, of 1.25 mM, blue squares), due to

either synergetic effects or source competition among neighboring rods, respectively.



Supplementary Figure 3 | Synergetic effect versus completion effect. (a,b) SEM images (70°
tilt view) of ZnO rod arrays grown with identical patterns to those used for Fig. 3a and b, but at a
Cyp of 1.6 mM. In this case, overall Hz,o values are lower for an L. of 800 nm (&) than for an L.
. of 3 um (b), owing to the competition effect prevailing over the synergetic effect, which is
contrary to the case of Fig. 3. For direct comparison, each image of rods in () is inserted right

after the corresponding rods with the same diameters (white boxes in (b)). Scale bars are 1 pm.
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Supplementary Figure 4 | Geometries of mass-transport fields. Schematics illustrating the
concentration profiles of the reactant precursor ions (Zn”") (a) and the intermediate species (the
Zn(OH);,) (b).
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Supplementary Figure 5 | Analysis of time-dependent growth behaviors. (a-c) The height of
ZnO rods (Hzno) as a function of growth time (t) at C, values of 25 mM (a), 2.5 mM (b) and 1.6
mM (c). The diameters of ZnO rods (Dz,0) were measured at t = 6 h. In all three cases, the
growth rate is relatively slow at the initial stage (t < 1-2 h), due to the nucleation barrier and/or
diffusion barrier created by the PMMA holes. Then, at t > ~2 h, the growth rate becomes faster

and stabilized, depending on precursor concentration.



Supplementary Figure 6 | Time-evolution of ZnO rods growth at the early stage. A series of
SEM images (70° tilt view) at t = 0.5 h (a), 1 h (b), 1.5 h (c) and 2 h (d). Cp is 2.5 mM. Scale

bars are 1 um.



Supplementary Figure 7 | Time-evolution of ZnO nanorods growth with different times.
SEM images (70° tilt view) of ZnO rod arrays at t =1 h (a), 2 h (b), 6 h (c), and 16 h (d). Cy, is
1.6 mM. Scale bars are 1 um. The growth rate at the edge of the rod array (the thickest rods) in
(c,d) is higher than that of the adjacent rods at the inside. This higher growth rate at the edge has

the same origin as the formation of the concave tips of the thick rods.
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Supplementary Figure 8 | Analysis of growth behavior. Plots of Hz,0 versus Dz,o for the ZnO
rods grown at C, = 1.6 mM and t = 16 h. The slope of Hz,0 versus Dz, curve in L. of 800 nm
is much larger than that in L. of 3 pum, due to the significant source competition in smaller L.
This feature is different from the case in Fig. 1f (t = 8 h), in which the slopes are similar in both
Lc. of 800 nm and 3 um; the contribution of the GT effect is still active in L. of 800 and
counteracts the competition effect. As the growth time increases, the contribution of the GT
effect decreases while the competition effect becomes more dominant. Thus, the Hz,o/Dzno rate

is much larger in smaller L. att =16 h.
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Supplementary Figure 9 | Nano-strain gauge. (a) Cross-sectional schematics of nano-strain
gauge (or pressure sensor) based on 3D Si nanotube array. (b) The strain gauge shows a sensitive
response to the application of pressure. A step-wise increase of current was demonstrated based

on (i) no touch, (ii) imperceptible touch (~3—7 kPa), and (iii) gentle touch (~10 kPa), due to the
unique height profile of Si nanotubes.



Supplementary Figure 10 | Analysis of a ZnO rod tip. (a) 3D and cross-sectional schematics
of'a ZnO hexagonal rod. The top surface of ZnO is flat at the center and the edge is rounded with
a radius curvature rzyo. (b) TEM image at the edge of ZnO rod tip.
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Supplementary Methods

Numerical analysis of the ratio between local diffusion and bulk diffusion of Zn** ion

In this analysis, the following are assumed: (1) Homogeneous reactions do not occur near
the substrate, (2) Since OH" ions are plentiful in water solutions, the growth rate is determined by
the Zn®" ion precursor, (3) Only axial growth is considered (lateral growth is ignored) and
consumption of Zn>" precursor occurs through reactions on the top (0001) surface that lead to
vertical growth, and (4) The precursor ion concentration in the boundary layer drops linearly
from a bulk concentration Cy; to an equilibrium concentration near the liquid/solid interface, Cs.
In quasi-steady state conditions, the bulk diffusion of Zn*" ions for the ideal 1D flux, JiP, driven

by the concentration gradient through the stagnant boundary layer is given by’

Cpi—Csi
JiP = D Cm = hy (G — Cs) (1)

where D is the diffusion coefficient, 6 is the boundary layer thickness, and C; and C; are bulk
concentrations of Zn>" ions and the concentration of Zn>" jons on a flat ZnO crystal surface,
respectively. The mass-transfer coefficient in the liquid-phase, hy, is given by h, = —D/3d. The
consumption rate of Zn>" ions through the reaction taking place at the top (0001) surface is

proportional to Cs, that is

Js = ks Cs; (2)
where k; is the first-order rate constant for surface reaction on the top (0001) surface. In the
steady state, JiP = J, so by combining Eq. (1) and (2), we obtain
Coi = o = 1o (3)
where @ is the Thiele modulus®, a measure of the ratio of surface reaction rate to rate of
diffusion through the boundary layer. When the @ is large (® > 1), diffusion usually limits the
overall growth rate; when @ < 1, the surface reaction is usually rate-limiting. By substituting Cp;

from Eq. (3) to Eq. (1), J, can be rearranged as a function of Cg; and ®:

Csi®
Jo° =D=~ (4)

In case of isolated ZnO rods, the diffusion of the precursor ions, Jy, is larger than the value
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of the ideal 1D flux, due to the contribution of diffusion from the side’. By comparing the height
of a well-isolated ZnO rod with that of hexagonally closed-packed ZnO rods over the large area
>05x%x0.5 cm2)4, we have calibrated the J, as ], = n-JiP, where the correction factor n was

estimated to be ~4.

On the other hand, the local concentration of Zn®>" ion species in equilibrium near the
nanoscale crystals is dependent on the local curvature of the solid phase. According to the Gibbs-
Thomson effect, local equilibrium concentration Cg; near the top (0001) surface of a rod with a

radius curvature rz,o Increases to

2yVm 1

Csi = Csjexp (— ) (5)

RT rzno

where vy is the interfacial energy, Vy, is the molar volume of the solid phase, R is the gas constant,
and T is the temperature. Considering only first-order terms (i.e., small deviations from the bulk
concentration), it can be rewritten as

€5 = Cg; + (20221 ) (6)

RT 'zno

As confirmed by a TEM image (Supplementary Fig. S10), the top surface of ZnO is
composed of central flat surface and round edge with a radius curvature rzyo. rzmo is much
smaller than the radius of ZnO rod, Dz,0/2 (i.e., rzn0 << Dzn0/2). Considering the uniform

growth along the axial direction, it is assumed that the local concentration near the top surface of

ZnO rod becomes uniform, and the average value of the local concentration increment (AC?iZ“O)

at the diameter of ZnO rods is given by

(iD ><6) x(len )
ACDZnO _ ZyVmCSI % 1 N & N ZyVmCSI y 1 y \/§ ZnO 4 I'zno
si T RT I'zno A; - RT 700 (l 1 )
n n > Dzn0 X \/§DZnO X 3
4'VVmCsi T
" RT Dy

where A; and A, are the areas of total top surface and round edge of the ZnO rod tip, respectively.

Note that AC_ZZ“O is inversely proportional to Dz,0, and is not affected by rz,0.
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If we consider a thick rod ‘A’ with a diameter of D%, and a thin rod ‘B’ with a diameter

of DB, separated by L., the local equilibrium concentrations near rods A and B can be written:

vy WVCsi T
Ci=Csi+ (T%) (7
~B 4YVmGsi m
Cg = Csi + (T%) (8)

Since the C__fi < C_Eilocal diffusion of the Zn>" ion species from the region of the thin rod B to
the region of thick rod A occurs, and the corresponding flux of the ions arriving on the top

surface of rod A can be obtained according to Fick’s first law:

= _D@(S_B) ©)

Le—c Sa
where the Sp/Sp is the ratio of surface area between rod B and rod A and given by 2_3 =
A

2 . . o A B .
(D%no / DénO) , which accounts for mass conservation. By substituting the C4 and CZ in Eqs.

(7) and (8) into Eq.(9), J; can be rearranged as

Ji = _L‘WVmCsiﬁ( 1 1 >(Dgn0)2 (10)

A B A
Le—c  RT Dzno  Dzno/ \Dzno

Finally, combining Egs. (4) and (10), Ji/J, versus @ can be expressed as a function of Dz,o
and L.:

_ B \?2
b= e (o o) (i) ) an
Figure 4 shows the calculation result for the ratio of J; to J, for the adjacent rods with Dz,0
values of 800 nm and 140 nm, separated by L. values of 1, 2, and 3 pm. In this calculation, a
value for the interfacial energy y of 0.24 J/m” and the molar volume Vy, of 14.8 cm’/mol is used’.

For the boundary layer thickness, §, a typical diffusion length of Zn*" ions in solution (~300 pm)

was assumed.
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